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Springtime C-Band SAR Backscatter Signatures of
Labrador Sea Marginal Ice: Measurements
Versus Modeling Predictions

Charles E. Livingstone, Member, IEEE, and Mark R. Drinkwater, Member, IEEE

Abstract—During the March 1987 Labrador Ice Margin Experiment
(LIMEX ’87) two independent investigations were conducted to deter-
mine the C-band backscattering cross section of the marginal pack ice
along the Newfoundland coast. In one experiment, data from a recently
calibrated C-band airborne scatter were combined with C-band
synthetic aperture radar (SAR) data to e the nor ized scat-
tering cross section of the ice from 10° to 74° incidence angle to within
+ 2 dB. In the other experiment, detailed measurements of ice surface
roughness and surface properties were made and the radar cross sec-
tions were predicted from a scattering model. This paper combines
measured and model results and shows them to be fully compatible.
By extension, this study is expected to apply to any rubbled sea-ice
surface when surface scattering dominates.

I. INTRODUCTION

HE SEASONAL sea-ice pack along the Labrador and New-

foundland coasts has a major effect on the local marine in-
dustries. In spite of a decade of routine ice reconnaissance by
airborne imaging radars, very little quantitative data on the mi-
crowave signatures of sea ice existed for this region prior to the
LIMEX °’87 experiment in March 1987. Previous studies of
Labrador/Newfoundland pack ice [1], [2] were conducted north
of the LIMEX experiment area in winter conditions, and the
early work [2] was qualitative in nature.

The ice pack in these regions is subjected to extremely vari-
able wind, wave and temperature conditions during its growth,
and southward advection, with the result that the basic struc-
tural elements of the pack are small (typically less than 20-m
diam.) cakes of predominantly first-year ice which are exten-
sively deformed and rafted. Depending on the air temperature
and degree to which a particular area is sheltered from wave
action, the ice cakes may be freely moving with the ocean sur-
face or may be frozen together into large, structurally fragile
composite floes. General pack-ice conditions present during the
LIMEX °’87 experiment are described in overview papers by
Carsey et al. [3], Drinkwater and Digby-Argus [4], and Digby-
Argus and Carsey [6].

With the advent of the ERS-1 (1991) and Radarsat (1994)
spaceborne SAR it will be possible to make routine observa-
tions of the eastern North American pack ice. In order for this
data to be operationally useful to the marine industries, the re-
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lationships between the radar reflectivity of the ice, its concen-
tration, and its surface characteristics must be known. Models
are required to infer the ice surface conditions from the statistics
and spatial distribution of the radar returns that form a SAR
image.

During the LIMEX °87 program two independent experi-
ments were conducted to determine the radar-scattering signa-
tures of the ice pack. One experiment measured the spatial
distribution of the normalized scattering cross section of the ice
by means of an airborne SAR and a calibrated fan-beam scat-
terometer. The other experiment directly measured various sur-
face properties, including the roughness of the ice using a
profiling roughness gauge operated by surface parties, and in-
ferred the scattering cross section of the ice by means of a rel-
atively simple model [5].

This paper presents results from both experiments and com-
bines them to show that a reasonable, tractable scattering model
does indeed exist for this ice pack. Finally, the model is in-
verted in such a manner that when fitted to the observed SAR
and scatterometer signatures it can be used to infer the surface
properties of snow-covered ice under spring conditions.

II. SURFACE MEASUREMENTS AND AIRBORNE DATA
ACQUISITION

A. Ice Surface Conditions

During March 1987, sea ice became compacted against the
eastern coast of the Avalon Peninsula, Newfoundland, under
the forcing of atypical, unseasonal southeasterly winds. This
sudden and vigorous compaction event began on 16 March, but
eased somewhat with a combination of swell penetration and a
shift to predominantly northeasterly winds on 21 March. The
direct consequence of this ice compaction process was a rela-
tively well-fractured and deformed pack consisting of large,
seemingly rigid composite floes formed of small floes or cakes
frozen or mechanically held together under ice-pressure condi-
tions.

Previous analyses of LIMEX °87 SAR images have con-
cluded that the ice pack was distinctly nonuniform in its char-
acteristics [5], [6]. Additional airphoto analysis and a
combination of floe-size distribution information have led to the
delineation of two zones within this marginal ice. These *‘in-
ner’” and ‘‘outer’’ zones are separable on the basis of floe-size
distribution statistics and SAR image-intensity characteristics
[3]. Floes in the outer zone shown in Fig. | were small frag-
mented cakes less than 15-m in diameter which had bumped
together under the influence of swell penetration. As a conse-
quence of the wave motion, these floes have rounded outlines,
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Fig. 1.
by M. Drinkwater from the CSS Baffin. Large floes in the foreground are
around 3-5-m diam. and show signs of rafting, deformation, and levée
building.

Photograph of outer zone ice conditions on March 23, 1987, taken

are often extensively rafted, and have prominent levées (raised
edges formed by freezing slush and sea water forced up between
floes during collisions) (Fig. 1). In contrast, inner zone floes
(often conglomerates of small, rafted ice cakes) showed no evi-
dence of recent destructive wave action, were generally larger
(up to 30 m in diam.), and had less surface deformation than
the outer zone floes. In addition, the interior floes appear to
have a thinner snow cover than was found in the outer zone,
and ponding from surface snow melt is more apparent.

B. LIMEX '87 Surface Experiment Sites

Ice surface observations were conducted between 15 and 26
March from the vessel CSS Baffin in support of aircraft remote
sensing data acquisition flights [3]. The area in which the
LIMEX surface-measurement program was conducted lies over
the northern section of the Grand Banks, a broad continental
shelf off the east coast of Newfoundland. Specific sites at which
detailed measurements were made are shown in Fig. 2 in rela-
tion to the position of the ice edge. Unfortunately, shipborne
work was restricted to the outer edge of the ice, although aerial
photo-interpretation (from airborne strip mosaics and helicopter
photographs) has given useful insights into the characteristics
of the inner zone.

Principal measurements at sites in Fig. 2 included snow and
ice physical and chemical characteristics. surface roughness
profiles, and weather conditions (see overview in [3]). A pho-
tographic record was acquired with site descriptions and general
composition and roughness of the ice cover. Detailed surface-
roughness profile data were obtained principally on 20 and 21
March in order to acquire information on the wavelength-scale
surface attributes which dominate backscattering. The Jet Pro-
pulsion Laboratory (JPL) surface profiler instrument enabled
detailed measurements over a horizontal distance of 1 m, at a
resolution of 0.01 m [5]. Roughness profiles were constructed
from overlapping sections along transects of up to 22 m in
length. Surface characterization data acquired at the outer ice
margin by the experiment group working from the CSS Baffin
included snow and ice depths and salinity profiles, along with
snow density, snow wetness, and temperature measurements.
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Fig. 2. Location and timing of surface measurements during LIMEX "87
in relation to the ice margin as determined from routine ice reconnaissance
flights by the Canadian Atmospheric Environment Service. The data show
the positions of the CSS Baffin on the indicated data.

Macro-photography of snow grain morphology was obtained by
one of the authors with the aid of specialized camera equipment
[5]. Local meteorological conditions were monitored by auto-
mated weather stations on the vessels CSS Baffin and MV Quest,
and at St. Johns.

Throughout the period of 15-16 March, a dense snowcover,
with a depth of 7 cm, was observed upon the surface of the
sampled ice floes. A detailed discussion of the measured prop-
erties of the snow and ice surface layers is provided and illus-
trated for this period by Drinkwater [5], and so the results are
only briefly summarized here. What began as 16 cm of fresh
snowfall on 15 March decreased rapidly in depth as the collec-
tive processes of destructive metamorphism transformed the
layer into a variety of stages of more snow and, in some cases,
firn. Snow crystal macrophotographs illustrate that equitemper-
ature and melt-freeze metamorphism rounded the snow grains
and bonded them together into clusters. By 23 March, after sev-
eral cycles of warming and cooling, the ice floes observed had
relatively dense damp snow on their surfaces with mean depths
of between 1 and 4 cm. Melt drainage had occurred during warm
periods on 16 and 18-20 March. and the combination of desa-
lination by gravity brine drainage and flushing by snow melt
reduced the sea-ice surfaces to an extremely low salinity ice
layer. Ice cores extracted on 23 March indicated upper 10-cm
salinities of less than 0.5 ppt [5]. Typical snow parameters mea-
sured in the outer ice zone were grain radii of approximately
0.5-1.0 mm, depths ranging from 0-3 cm, densities of 0.4-0.5
gcm ™, and snow wetnesses of around 7% by volume fraction.

C. Aircraft Remote Sensing, Data Acquisition

Two flights of the Canada Centre for Remote Sensing (CCRS)
CV-580 aircraft were devoted to the C-band backscattering
cross-section study of the LIMEX 87 ice pack.
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Fig. 3. SAR coverage on March 23, 1987. Three SAR lines were flown
on this day, with all three images intersecting over the surface measure-
ment site occupied by the CSS Baffin. The SAR image swath width is 9.8
nmi. The locations of the CSS Baffin, the ice edge. and the active shear
zone are shown. Data from line 3 is analyzed in this paper. Cape Bonavista
is labeled to show the location of the March 24 data set.

The March 23 flight was coordinated with surface research
activities based on the CSS Baffin near the edge of the ice pack
east of Cape St. Francis (Fig. 3). Three SAR lines were flown
at different aircraft headings so that the intersection of the radar
images contained the surface-measurement area during part of
the surface activity time window. After the completion of SAR
measurements, the aircraft descended to a 302-m altitude and
flew a group of three profiling sensor lines within the area im-
aged by the SAR. Since visibility conditions were favorable, a
9" x 9" format mapping camera was used to acquire photo-
graphic strip mosaics of the measurement area during both high-
level (photo scale = 1:39 800) and low-level (photo scale =
1:1980) fiight lines.

The March 24 dataset was collected in Bonavista Bay (Fig.
4), north of the surface-vessel research area. The dataset ac-
quired contains five SAR image lines organized as two orthog-
onal mosaics, and nine low-altitude profiling sensor lines which
were positioned within the mosaic area. Scatterometer lines were
flown over both the pack edge and over the interior region of
the ice pack at various track angles spanning 360° to provide
data on the aspect sensitivity of ¢°(8) and on the various ice
conditions within the pack. Some of the scatterometer data lines
were oriented to provide scattering cross-section measurements
in the SAR look direction to allow direct correlation ot the re-
sults from the two sensors. Visibility on March 24 was much
poorer than on March 23 and therefore only a limited set of
nadir-looking photography was acquired.

For each of the March 23 and 24 datasets, atmospheric and
surface conditions were sufficiently stable over the data acqui-
sition periods, so that the SAR and scatterometer measurements
within each set can be treated as samples of the same material.
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Fig. 4. SAR coverage on March 24, 1987. Five SAR lines were flown to
form two orthogonal mosaics of the Bonavista Bay pack ice. SAR lines |
and 2 form an east-west mosaic of the region; SAR lines 3, 4, and 5 form
a north-south mosaic. The SAR image swath is 9.4-nmi wide in each case.
Shown on the figure are the ice edge and the edge of the presently active
shear zone. The line identification arrows show the flight direction and the
radar-look direction.

III. Cross CALIBRATION OF THE C-BAND SAR AND
SCATTEROMETER DATA

A. The SAR System and Its Use for Quantitative
Measurements

The architecture of the CCRS radar, details of its controls
and data-logging functions, as well as a functional description
of this SAR are discussed by Livingstone et al. [71, [8].

In principle, the radar equation can be inverted to caiculate
normalized scattering cross sections ¢°(8) for targets and re-
gions within a SAR-imaged scene from single-look, magnitude-
detected or power (squared magnitude)-summed, multilook SAR
images, provided that the local incidence angles (6) are single-
valued monotonic functions of the radar slant range (R), as re-
ported by Gray e al. [9]. The calculation of ¢°(6) from voltage
(magnitude)-summed multilook SAR images such as are pro-
duced by most SAR processors is possible under a more restric-
tive set of conditions and is subject to additional systematic
errors since the detected voltage summation process is not en-
ergy conservative. For distributed targets such as are found in
the LIMEX '87 dataset, the imagery produced by the ‘‘real
time”’ processor (looks summed in magnitude) in the CCRS
C-band SAR can be used to compute 6°(8) of a surface if the
following constraints are valid: (a) The surface being measured
can be approximated as a plane earth; (b) the surface being mea-
sured can be approximated as an ideal distributed target; (c) the
aircraft altitude is known to within +0.5%: and (d) the surface
illumination is not perturbed by radar-motion artifacts. All of
these conditions are met reasonably well in the March 23 and
March 24 LIMEX ’87 datasets.

Independently of the look-summation process used in the ra-
dar system, the evaluation of ¢°(8) from radar images requires
that: (i) The radiated power is stable and accurately known: (ii)
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the radar gains, including the two-way antenna gain function,
are stable and accurately known; (iii) the radar receiver and sig-
nal-processing components are operating in their linear range;
(iv) the models used to account for the imaging geometry, the
radar’s signal-conditioning functions, the scene illumination
(radiated power density over the terrain surface), and the terrain
elevation distribution are accurate representations of the con-
ditions present during data acquisition.

Synthetic aperture radar images are formed by two-dimen-
sional matched filtering of phase-coherent raw radar returns ac-
cumulated over the time interval by which an element of the
imaged surface is illuminated by the radar beam. The matched
filters redistributed the temporally and spectrally spread energy
from the radar-range chirp and azimuth (along-track) Doppler
history to generate spatially registered measurements of the sig-
nal returned from each point in the imaged terrain. Each of the
“‘range’’ and ‘‘azimuth’*! matched filters thus has an associated
energy redistribution (compression) ‘‘gain’’ which relates the
magnitude of each point in the focused image to that of the raw
returns per radar pulse. In the special case of ideal distributed
targets that are spatially larger than the surface area whose radar
returns are present in the receiver in one inverse band width
internal (the ‘‘instantaneous’” received power from the *‘real
aperture’’ of the radar), the range and azimuth compression
gains are unity. In this case, the ‘‘powers’’ measured at each
point in the image can be simply related to corresponding in-
stantaneous received power from a single radar pulse.

The output image power /7 (where [ is the magnitude of the
focused radar return) of any pixel in a SAR image is properly
expressed in terms of weighted integrals over the radar’s aper-
ture to combine the range and azimuth focusing operations with
the surface-illumination distribution. For the special case pre-
viously noted to be applicable to the March 23 and March 24
LIMEX ’87 data, the spatially averaged image power (per pixel)
within a real aperture can be expressed in terms of the instan-
taneous received power at the input to the radar weighted by the
total system gain and processing efficiency.

For SAR systems such as that used by the Canada Centre for
Remote Sensing (CCRS), which employ a sensitivity-time con-
trol to match the systematic part of the dynamic range of the
received signal to that of the analog-to-digital convertors
(ADC), the relationship between the dynamic, range-normal-
ized, average image intensity and the radar parameters for the
plane-earth ideal-distributed target case can be approximated by:
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where
(r*y average pixel intensity of a distributed target av-
eraged over a region centered at slant range R
and incidence angle 6,
A, terrain area corresponding to the image area used
to average /2,
I maximum image intensity allowed by the SAR

image processor for a distributed target whose

'We will confine ourselves to simple range-Doppler processing. The
complexities of squinted SAR’s and spot-light SAR's add nothing to the
following arguments.

input signal spans the dynamic range of the

ADC,
A radar wavelength (m),
P, peak transmitter power,
8uys total gain of the radar receiving chain,
Ly, total signal transmission path loss in the antenna

feed lines and radome,

2R two-way atmospheric loss term,

R®c7/2  portion of the real aperture of the SAR at range
R(m) that has been processed to form the im-
age,

[\ ] two-way, processed azimuth beam width in de-
grees,

¢ velocity of light (ms™"),

T range chirp duration (s).

Gy, Gy gains of the transmitting and receiving antennas,

Grm, Grm model antenna gains used by the radar STC,
radar incidence angle at the resolution cell at
slant range R,

O plane earth model incidence angle in degrees at
slant range Ry,

0o elevation bore-sight angle in degrees of the radar
antenna,

0, model antenna bore-sight angle in degrees used
by the STC,

a°(0) normalized scattering cross section of the dis-
tributed target element at range R and inci-
dence angle 8, and

anm(Om) terrain model normalized cross section.

R sin Oy e>*RY -
8sTCuax = —
Grm(Om — 0,) Gr(Om —61)om(0n)
Ryin < Rw < Ry (2)
Psor  maximum signal power (W) within the range of the

analogue-to-digital converter,

2 azimuth-weighted (by the azimuth antenna pattern)
average of the bracket contents over azimuth angle
® and the range interval defined by the image in-
tensity averaging region,

] radar data-processing efficiency (fractional beam
width processed, range and azimuth weighting
losses, ADC conversion losses, etc.), and

B look summation factor that compensates for the look
image weighting imposed by the azimuth antenna
gain as well as the look summation law used. For
the CCRS SAR real-time processor which pro-
duces multilook imagery by summing look image
magnitudes

? 27
- ()2 n
i=1 i=1
where P; is the power in the ith look image.

For the image geometry, radar settings, and targets in the
LIMEX '87 March 23 and 24 flights, we can rewrite (1) as:
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where I2 = N2 — b%, and N;; is the magnitude of the i, jth real-
time processor output pixel contained in the azimuth interval K
< i < K + L and in the range interval S < j < § + T; *‘b”
= 18 is a processor artifact that existed at the time of the LIMEX
’87 data acquisition. For the application of (3), T is chosen so
that the azimuth interval averaged exceeds one synthetic aper-
ture length; L is normally chosen in the range 1 < L < 8.

The STC terrain scattering model used during LIMEX '87
was o5 (0p) = (—2.173-0.2197 6y). *‘B’’ is nominally a con-
stant for each radar operating state, except for range-dependent
mismatches between the STC geometry and imaging geometry,
and contains the remainder of (1).

The radar-scattering cross-section estimates o§ar(6) pro-
duced by evaluating (2) are related to the terrain-scattering cross
section:

0°(8) = ogar(8)£(6). (4)

£(0) is a residual error term which includes all systematic errors
in the radar parameters as well as low-level interferometer mod-
ulation produced by antenna/airframe multipath geometry (this
effect is found in most airborne synthetic aperture radars). The
key SAR parameters for the analysis of LIMEX '87 March 23
and 24 data are shown in Table I.

B. The Scatterometer System

The CCRS CV-580 carried two fanbeam scatterometers dur-
ing LIMEX ’87: A Ku-band instrument operating at 13.3 GHz
and a C-band instrument operating at 5.7 GHz. The antennas
for both scatterometers are hard-mounted to the airframe so that
the broad patterns of the antennas ( +60° to —60°) are aligned
with the body axis of the aircraft. Each scatterometer has four
antennas: H transmit, H receive, V transmit, and V receive and
radiates a selected polarization as a high-purity CW signal. Both
polarizations are received simultaneously. During data acqui-
sition the scatterometer measurement swath is defined by the
aircraft altitude and the cross-track antenna beam width. Along-
track resolution is achieved by Fourier transforming and filter-
ing the Doppler-shifted received signals. The incidence-angle
dependence of the radar returns is calculated from the scatter-
ometer measurement geometry using simultaneously recorded
time histories of the aircraft velocity vector and attitude as well
as radar altimeter measurements.

The scatterometer gain is continuously monitored by calibra-
tion side-tones derived from the transmitter output and embed-
ded in the received signal. The principles of operation of the
scatterometer and an outline of the data-processing procedures
may be found in a report by Livingstone er al. [10]. Recent
work on scatterometer calibration and a complete bibliography
for the CCRS instruments may be found in [11]. A calibration
study reported in [11] concluded that the absolute calibration
accuracy of the scatterometers was better than +1 dB, and the
relative calibration over the incidence-angle range 15° to 50°
is found to be +0.5 dB.

The key scatterometer parameters corresponding to data pre-
sented in this paper are listed in Table I.

C. Data Reduction

The SAR and HH polarized scatterometer datasets from
March 23 and 24 were spatially registered and partitioned to
select SAR image segments that contained range-traveling scat-
terometer lines: SAR image intersections for crossed lines that

TABLE I
CV-580 SENSOR PARAMETERs FOrR LIMEX '87, MaRcH 23 anD 24
SAR
A Wave length 0.0566 m
L) Processing efficiency 0.381
s Look sum correction 6.76
¥ Two wa{ -6 dB beam width 3.6°
. Chirp en?th Ous
E ays System gain 105.6 d8
Transmission line losses -2.4 d8
Lo Radome loss -2.0 d8
Lamw Atmospheric loss 0.1 dB
March 23 March 24
P, Peak Pulse Power 603 W 550 W
&re ST gain -92.7 dB -93.6 d8
Altitude 6066 m 3048 m
8y Near swath incidence
angle 45 45°
[ Far swath incidence
angle 75.9° 81.5*
Polarization analyzed HH HH
Scatterometers -
C-Band Ku-Band
Frequency 5.70 GHz 13.30 GHz
Transmitter power 5W 1.5 W
Cross track beam width 1.63° 1.5°
Along track beam width +60° +60°
Polarization analyzed HH HH

March 23
Operating altitude
Ground speed
Pitch angle

March 24

Operating altitude
Ground speed

Pitch angle

Maximum 303 m, Minimum 301 m
Maximum 92 m/s, Minimum 82 m/s
Maximum +3*, Minimum +1.9°

Maximum 302 m, Minimum 284 m
Maximum 90 m/s, Minimum 86 m/s
Maximum 2.4°, Minimum 1.4°

contained large areas of similar ice and scatterometer line seg-
ments that contained ice whose SAR image signature was uni-
form. Those image segments that contained apparently uniform
ice conditions across the SAR swath were re-scaled to incidence
angle using a plane earth model and reduced to ¢°(6) estimates
using (3). The summation ranges used were 100 pixels in azi-
muth and 2° in incidence angle (translated into slant-range pix-
els using the mean incidence angle of the selected interval).

Scatterometer data segments were reduced to ¢°(6) estimates
in 5° increments from 10° to 60° incidence angle. These were
stored as time histories for scatterometer-SAR data feature com-
parisons and were block-averaged to produce the best estimates
of 6°(#) for each ice condition (and in the March 24th dataset
for each aspect angle).

¢°(#) data were described by linear regressions of ¢°(dB) on
6 to provide suitable statistics for aspect angle-sensitivity tests
and SAR/scatterometer-result similarity tests [10]. Spatially
registered SAR and scatterometer ¢°(#) estimates were plotted
on a common scale for display, with no adjustments to either
dataset.

IV. OBSERVED BACKSCATTER SIGNATURES
A. March 23, Cape St. Francis

Fig. 5 is a C-band SAR image of the ice pack east of Cape
St. Francis on March 23, 1989. On this day the ice surface can
be divided into two ice regimes, as discussed above (in Section
II-A): (a) An interior ice regime in which sea ice was observed
to move slowly southward along the Newfoundland coast over
the period March 21 to 26. The ice cover here consists of con-
glomerdte **floes’” that move as integral units until fractured by
shear or wave-induced flexural stresses | 12]; and (b) an exterior
shear zone approximately 10-km wide in which the ice is mov-
ing rapidly and within which conglomerate floes have decom-
posed into their constituent ice cakes or are in the process of
decomposition by wave fracture.
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Fig. 5. The SAR scene and scatterometer coverage on March 23, 1987. The image shown is a portion of SAR line 3, including
Cape St. Francis and the CSS Baffin surface measurement area. The near-range edge of the image (45° incidence angle) is at
the top. The CSS Baffin is visible in the image as a bright target (in the ice) and its azimuth ambiguity (in the ocean). Clearly
visible in the image are the wave-field penetration into the ice, the shear zone, and conglomerate floes in the pack interior. The
companion diagram also identifies the scatterometer track positions and the positions of the SAR data samples used in the
analysis. The **floes’” labeled A, B, and C are conglomerates of smaller ice pans frozen together. Photographic evidence shows
the snow cover on these to be saturated with water. The shear zone extends from the shear zone boundary to the ice edge to the
right of the image. The image shown is in ground-range presentation, has a width of 9.8 nmi. and spans incidence angles of

45° to 84°.

The shear boundary is sharply defined in the image due to the
nature of the differences in the scattering response of these two
regimes. The diagram at the bottom of Fig. 5 shows the three
scatterometer tracks flown through this area and regions used to
extract SAR data for signature analysis.

Scattering cross-section measurements from scatterometer
line 1 and from the shear-zone SAR profiles are shown in Fig.
6. Results for scatterometer line 2 and the pack interior-ice SAR
profiles are presented in Fig. 7. In both of these graphs the scat-
terometer data has little incidence-angle-dependent structure,
whereas the SAR data contains systematic deviations as large
as 1.5 dB from its regression line. A detailed examination of

aerial photographs of the surface corresponding to the scatter-
ometer data sample shows the region to be statistically uniform
in floe-size distribution and surface deformation. The SAR data
samples used for ¢° estimations were extracted from a larger
spatial area (Fig. 5) which contained regions of varying floe-
size distribution. Since in SAR imagery of sea ice a radar return
profile in the range direction has a one-to-one mapping between
the range and incidence angles, the range-direction surface-
roughness variations are observed as variations of ¢° with in-
cidence angle. In addition to ¢° variations with the ice surface,
Figs. 6 and 7 also contain small ( <0.50 dB) contributions from
the systematic error term £ (6) (equation (4)) in the incidence
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Fig. 7. Pack interior scattering cross section on March 23, 1987. SAR and
scatterometer data are superimposed on the same graph to define the C-band
scattering cross section-incidence angle relationship for ice in the pack
interior. Each dataset is characterized by a regression line. The deviations
of the SAR sample points from the line are real spatial features of the pack
ice that are located at the incidence angles shown. ( HH polarized.)

angle range of 45° to 60° due to the antenna-airframe interfer-
ometer effect mentioned previously. The regression line is an
ensemble average of several closely spaced 300-pixel-wide
range transects through the SAR image and is representative of
the average ice signature.

A comparison of the regression lines for Figs. 6 and 7 shows
that the mean cross sections of the ice over the SAR-image in-
cidence-angle range are 2 dB larger in the shear zone than they
are in the pack interior. The signature transition occurs abruptly
at the shear-zone boundary (Fig. 5).

Although no direct surface ‘measurements were made in the
pack interior region because the surface measurement parties
were constrained to work in close proximity to the research ves-
sel CSS Baffin, low-level aerial photography acquired along
scatterometer track 3 forms a strip mosaic extending from the
near-shore region, across the shear zone near the CSS Baffin
measurement area and into the ocean beyond. The photo mosaic
permits observation of surface features with a dimension greater

35

than 1 m and provides some record of the surface appearance
of the ice from the surface measurement site to the pack inte-
rior. Since the conglomerate floes are composed of rafted ice
cakes, the surface structure of the inshore region is visually
(from aerial photos) very similar to that of the outer region
(shear zone) except for some evidence of melt pond formation
in the vicinity of the darker ‘‘floes’” in the SAR imagery (for
example, Fig. 5, floe B). A count of ice cakes [3] along track
3 shows that the density of 2- to 7-m diam. cakes is largest in
the shear zone (peak values of 148/km?), and smallest in the
pack interior (19.6/km?). The ice-cake density declines sharply
at the shear boundary. The density of ice cakes with diameter
greater than 17 m is uniform over the pack at 0.196/km?.

B. March 24, Bonavista Bay

In the Bonavista Bay SAR mosaic on March 24, 1987 the
shear zone is wider and more complex than at Cape St. Francis
on the previous day. The active shear region corresponds to the
ocean-swell penetration distance of 15.4 km from the open
ocean. Shorewards of the shear (outer) zone the entire ice pack
moves slowly at rates of the order of 1 km/day, and there is
some evidence of differential flow rates [12].

Scatterometer tracks flown on March 24 were configured to
sample the uniformity of the scattering cross-section/incidence
angle relationship both spatially and as a function of the aspect
angle. Fig. 8 is a cluster plot of scatterometer signature-regres-
sion coefficients for track headings of 48°, 88°, 173°, 222° and
278° for which the processed data segments are clustered in a
single region of the ice pack for all angles. Samples from dif-
ferent pack regions for headings 278°, 88°, 228° have also been
included in Fig. 7 to demonstrate the statistical uniformity of
the pack ice scattering signatures. The largest separation of any
sample mean from the cluster centroid is less than 60% of the
smallest sample standard deviation. The data used to derive Fig.
8, although belonging to different areas within the pack ice, are
statistically indistinguishable for the purpose of scattering cross-
section computation. There is no aspect-angle sensitivity in this
dataset. Because of the mechanically dynamic nature of this re-
gion, the distinctions between the active shear zone and the pack
interior seen near Cape St. Francis on the previous day are
missing in the Bonavista Bay dataset.

The SAR/scatterometer scattering cross-section results for a
sample of the Bonavista Bay ice are shown in Fig. 9. Since no
regionally consistent differences in the scattering cross section
are seen over the experiment area on March 24, a set of four
SAR/scatterometer datasets representing the largest spread in
conditions consistent with the analysis constraints were super-
imposed to create Fig. 10. These have been extracted from dif-
ferent regions within the pack and represent different SAR
swaths and different scatterometer lines. The elevated SAR cross
sections at a 46° incidence angle are a radar artifact caused by
multipath interference between signals scattered from the ra-
dome mount on the aircraft and direct returns from the ice sur-
face and are accounted for by £(6) in (4).

C. Discussion of Results

A comparison of the March 24 scattering cross-section mea-
surements (Fig. 10) with March 23 results (Fig. 6) shows that
the March 24 ¢° measurements are consistently larger and that
the regression line slopes are statistically the same. No surface
measurements are available for Bonavista Bay and all surface
conditions must be inferred from aerial photographs, Atmo-
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Fig. 9. A typical HH polarized C-band scattering cross-section shear zone
near Cape Bonavista versus incidence angle plot from the March 24, 1987
dataset. Both scatterometer and SAR data have been plotted on the same
axes. The SAR return at 46° incidence angle is a radar artifact caused by
the radome mount interference pattern seen at the top of Fig. 5. Because
of the lower flying altitude on March 24 (Table Iy and thus the different
antenna-airframe angle, the interference pattern peak is much more pro-
nounced. A similar effect is seen in Fig. 10.

spheric Environment Service (AES) ice charts, and local air
temperatures and snowfall statistics. At the start of the March
24 acquisition period new ice was observed on recently opened
leads, and by the end of the March 24 flight low-altitude flying
was curtailed by declining visibility in snow.

A careful examination of the March 23 and 24 data shows
that a linear approximation of the ¢° versus relationship is
reasonable for the ice observed over the incidence angle range
of 10° to 60°. At incidence angles greater than 70° this ap-
proximation breaks down as expected from model results (Sec-
tion V-D). Previous experimenters [10], [13] have found that
the C-band scattering cross section/incidence angle relationship
is stable from mid-winter until the early stages of melt. From
the Arctic measurements of Onstott ef al. [13], typical massive
(unrafted) first-year ice has a C-band scattering cross section
that can be approximated by ¢°(8) = —5.0-0.35 8 dB over the
incidence angle range of 10° to 60°. In contrast, all of the
LIMEX 87 regression results have slopes in the range 0.19 <
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Fig. 10. Composite HH polarized C-band scattering cross section versus
incidence angle plot for the March 24, 1987 dataset. Four different a°(8)
datasets from four different regions in the Bonavista Bay experiment have
been superimposed to illustrate the general uniformity of the radar signa-
tures in this area. The regression results presented are for the composite
dataset.

m < 0.25, which do not come within one standard deviation of
the Arctic ice results. Since the material (first-year sea ice) is
the same in both cases, and noting the floe count correlation
with scattering cross section on March 23, we suspect that the
differences between ¢°(8) for LIMEX (broken and deformed)
first-year ice and Arctic (massive) first-year ice are explained
by surface-roughness elements greater than or equal to 1/4
wavelength (1.4 cm). This is consistent with model calcula-
tions based on surface measurements.

V. PHYSICAL OPTICS BACKSCATTERING MODELS
A. Model Formulation

A simple theoretical model has been developed to predict
C-band scattering cross sections of pack ice from physical and
electromagnetic properties of the snow and sea ice that are read-
ily quantifiable from field measurements. This approach is pre-
ferred to the use of more comprehensive (and more complex)
theoretical models, since many of these require parameter (and
parameter distributions) that cannot be easily measured under
field conditions and thus must be inferred from other studies.

Scattering mechanisms for spring snow-covered sea ice stud-
ied during LIMEX ’87 have been investigated in detail by
Drinkwater [5]. An empirical formulation is derived, using basic
field-observed surface properties, which may be used to simu-
late or predict co-polarized (HH or VV) backscatter. This sim-
ple model, which is described further in [5}, generates a
combined external (surface) scattering component and internal
(volume) scattering component (from the mean surface property
statistics) to give a representative value of the backscatter coef-
ficient (0°) with incidence angle (8). The surface-scattering
term in the model is based upon the physical optics formulation
(for prescribed roughness criteria) which is described elsewhere
[14]-[18]. This theory is widely used and is applicable to sur-
faces with undulations whose average dimensions are large
compared with the incident wavelength: Its tacit assumption is
that plane-boundary reflection occurs at any point on the sur-
face. In addition to specifying boundary conditions for the sur-
face-scattering term, a standard three-layer or stratified medium
is constructed. This simple model design is considered appro-
priate for spring conditions encountered. because penetration
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depths are small [S], [12], yet it enables addition of a volume-
scattering term to the computed backscatter, if required. In the
baseline case the layers consist of air (medium 1), snow (me-
dium 2), and sea ice (medium 3): Separating each layer is an
interface where the bulk dielectric properties or physical attri-
butes of the media change.

In general, the like-polarized backscattering coefficient (HH
or VV polarization) is composed of both coherent and nonco-
herent energy. However, the former is only important at near-
normal incidence angles, and since we are only concerned with
¢° for HH polarization at angles in the range 10° > 8 > 76°,
only the noncoherent component of backscatter is computed.
Drinkwater [5] concludes that under the ice conditions observed
in the Labrador Sea in March 1987, the principal scattering term
is surface scattering and thus the choice of the correct physical
optics approximation is critical to the model simulation results.

Roughness statistics obtained during LIMEX ’87 [5] high-
light two main statistics classes. For the outermost ice floes ob-
served in the vicinity of the CSS Baffin, data indicate a normal
distribution of random heights, comprising surfaces with either
Gaussian or exponentially decaying surface autocorrelation
functions. The former is associated with relatively rough de-
formed ice with rms slope(s) exceeding s = 0.25 rad, while the
latter is associated with relatively smoother, undeformed ice floe
surfaces. The physical optics or Kirchhoff formula is used to
simulate surface backscattering from these two classes of sur-
face roughness. In the case of rough ice, a geometric optics or
stationary-phase approximation is appropriate providing that
validity conditions are met for its application (i.e., 27 > 6\
and o, > N\/3) [15]. For smoother exponential surfaces a scalar
approximation is applied (i.e., s < 0.25) [5], [15]. Both ap-
proximations are applicable to surfaces having undulations
whose average horizontal dimensions are large compared to the
incident wavelength (A = 0.0566 m).

In all examples a damp snow layer was observed, and the
volume backscatter coefficient of the snow layer is computed.
Volume scattering is calculated using a particle-cloud analogy
proposed by Attema and Ulaby [19], where snow crystals and
free-water inclusions are simulated as a cloud of Rayleigh scat-
terers suspended in air. This technique is described in further
detail in Drinkwater [20].

B. Parameterization Using In-Situ Data

The scattering model is devised such that basic layer prop-
erties are specified as parameters. Layer 1 (air) is simply as-
sumed to have a complex dielectric constant of ¢* = 1.0~j0.0.
The layer 3 (sea ice) complex dielectric constant e* = 3.1-
JO.01 is used to simulate typical low-salinity sea ice, based upon
dielectric measurements of sea ice with similar characteristics
at temperatures close to 0°C [21], [5]. Between these layers is
the most critical medium, layer 2 (wet snow), which has four
independent parameters. These are: Snow density (p,), snow
depth (d,), snow grain radius (r,), and volume fraction of free-
water (W, ). Boundary roughness conditions at the air/snow in-
terface, for example, are specified as either an rms slope s (rad),
or in terms of a standard deviation or rms height o,(m) and sur-
face correlation length /(m).

The first process in the model simulates the dielectric prop-
erties of the snow (air, ice, and water), given the parameters
and a dielectric mixture formula [22]. This technique enables
the volume-scattering contribution and the absorption or extinc-
tion coefficient [15)] of the layer to be estimated. The volume

backscatter term is added to the surface backscatter, from the
rough air/snow interface, to give the total predicted backscatter
coefficient ¢°(8). In all examples examined, absorption or
losses within the wet snow layer are sufficient to suppress any
significant surface or volume scatter from the sea ice beneath.
Thus, although included in the model formulation, sea-ice vol-
ume backscatter is assumed to be negligible during this early
melt period.

In order to use the model for simulation purposes, field-mea-
sured parameters from 21, 23, and 25 March have been used as
scaling parameters. Typical mean surface conditions observed
for ice floes at the outer margin of the pack (Fig. 2) are used to
obtain a first-order estimate of the scattering signatures [5].
Modeling fits to the data presented in this paper are then
achieved by systematic variation and tuning of each of the model
parameters within the limits of variability in the surface-mea-
surement data.

C. Model Sensitivity

1) Surface Roughness: An important feature of this paper is
the model response to different surface autocorrelation func-
tions and different slope distributions. Previous statistical work
has highlighted two categories of surface roughness classified
on the basis of oy, [, and s [5]. The Gaussian and exponential
correlation approximations to these classes have subtle effects
upon the response of ¢°(8) depicted in Fig. 11. The Gaussian
backscatter response shown in Fig. 11(a) is typical of that gen-
erated with values of rms roughness of o, > 1.5 cm (i.e., ap-
prox. \/4); layer 2 parameters are indicated. It is an example
of a wet, snow-covered, rough-ice floe surface with varying rms
slope s, where

s = 2 (a,/1).

The largest impact upon ¢° occurs in the range of 10° < 6 <
60°, whereupon the gradient of the curve is reduced with in-
creasing roughness. The important feature of curves for values
of 0.3 < s < 0.4 is that they demonstrate an almost monotonic
decline with increasing 6.

Using an exponential surface correlation function and scalar
approximation for ice floe surfaces with rms slopes of s < 0.25,
Fig. 11(b) and (c) shows the model sensitivity to ¢, and [ using
the same layer 2 parameters as in Fig. 11(a). With a fixed cor-
relation length of / = 8 cm in Fig. 11(b), increasing g, has the
effect of reducing o° between 0° and 20°, while increasing it
over the remaining higher incidence-angle range. Reducing / in
Fig. 11(c) has a corresponding effect, since it effectively short-
ens the wavelength of surface corrugations and increases the
rms slope. If g, is assigned a fixed value of 1 cm, then lowering
I from 18 to 2 cm leads to a reduction in ¢°(6) near normal
incidence and shallower gradients of 0°(8) in the range 20° <
6 < 70°.

2) Snow Density and Wetness: As has been previously
shown by Kim er al. [23], a snow layer upon sea ice may mod-
ulate scattering signatures in a variety of manners. The effects
of snow density and snow wetness upon the scattering signature
are illustrated in Fig. 12 for an exponential surface with scalar
approximation (i.e., s < 0.25). Roughness values of o, = 1.74
cm and [ = 12.8 cm are typical of undeformed, relatively
smooth, ice floe surface segments measured in the outer ice zone
15]. Fig. 12(a) demonstrates that an increase in snow density
from 0.2-0.6 g cm ~* causes an increase in the Fresnel reflection
coefficient at the air/snow interface. Increased reflectivity raises
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Fig. 11. Modeled backscatter response to varying roughness scales of wet-
snow-covered sea ice with each parameter value indicated: (a) Four vari-
ations indicating the effects of different rms slopes upon the signature of a
surface with a Gaussian correlation function. (b) and (c) Show the effects
of varying ¢, and / upon the signature of a surface with an exponential
correlation function.

¢ °(9) near normal incidence, while suppressing it slightly at
incidence angles greater than 60°. The variability in ¢°(9)
caused by varying snow density, however, is insignificant in
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Fig. 12. Modeled backscatter response to varying snow parameters for a
fixed-surface roughness and exponential autocorrelation assumption. (a)
Variations due to snow density p,. (b) Variations due to volumetric fraction
snow wetness W,(%).

comparison with that due to changes in snow-water content.
Fig. 12(b) indicates that changes in the scattering signature can
be dramatic as a direct consequence of varying snow wetness.
When wetness is as low as 2%, the curve has a peak value close
to —7 dB and an extremely gradual decline, owing to volume
scatter in the snow layer and ice surface scatter. As W, in-
creases by 4% to 0.06, layer 2 volumetric effects are suppressed
by a rapidly increasing extinction coefficient, and ¢° is reduced
by 2.5 dB. Beyond a threshold of around W, = 4%, volume
backscatter becomes negligible and the original reduction of
0°(8) in the range of 0°-30° incidence angle is counteracted
by raised surface reflectivity due to snow wetness (and the con-
current increase in the relative permittivity and loss of the
snow). The result is a general steepening of the curves, increas-
ing 6°(#) near-nadir and reducing it at angles over 45°.

D. Comparison Between Simulated and Measured Signatures

Model fits were conducted using the SAR and scatterometer
data collected on 23 and 24 March, 1987, presented in Figs. 6,
7, and 9. The technique used is that which was previously ex-
plained in Section V-B, and parameters measured on 21 and 23
March were used to obtain an untuned first-order fit to the data.
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Since in all cases first-order fits were extremely good when using
mean measured snow and ice properties from the measurement
sites, there is a high degree of confidence in the final results
shown in Fig. 13.

A scalar approximation and exponential correlation function
is required in the case of predicting the mean signature of the
outer pack on 23 March. Fig. 13(a) shows the fit to the mean
23 March shear-zone signature data in Fig. 6; and the model
curve remains within the approximate +2 dB standard deviation
envelope of the linear regression line, indicating that it is within
the confidence limits of the radar data. The predicted roughness
statistics are an rms height ¢, = 0.015 m and correlation length
! = 0.08 m. Notably, this ice had undergone wave fracture and
collisional deformation (see Fig. 1), and these values of o, and
| are typical of medium rough floes measured in this location
[5]. The snow parameters infer a mean surface with almost
identical characteristics to those measured on 21 and 23 March.
A snow cover under 5-cm depth was observed on these dates,
whose mean grain diameter was around 2 mm and whose mean
density was approximately 0.5 g cm™>. Although the only de-
tailed snow wetness measurements (made on 20 March) had in-
dicated values of 7% or more, air temperatures fell and remained
below the freezing point between 21 and 23 March, enabling
snow liquid-water refreeze or drain. A low value of W, = 4%
also suggests that the upstanding, ridged, or rafted blocks or
raised floe edges, which are dominant in the scattering process,
are better drained than flat floe surfaces.

The mean signature from the interior ice zone on 23 March
(Fig. 13(b)) shows a similar gradient though lower values of
6°(0) across the whole incidence angle range. The model fit
again required a scalar approximation and exponential correla-
tion assumption in order to fit these radar points, and the curve
falls within 1 or 2 dB of the measurements. The surface rough-
ness inferred from the fit denotes an rms height of o, = 1.75
cm and correlation length of / = 12.0 cm; and these values are
consistent with roughness statistics obtained from only the
smoothest portions of shear-zone floe surfaces. In contrast, the
indicated snow depth is 0.5 cm, with slightly lower density and
grain diameter, and a volume fraction of 4.5% liquid water.
Although no surface measurements were obtained from the in-
ner ice zone, the low-level aerial photography provides infor-
mation which corroborates these observations. Certainly floes
appear larger, smoother, and relatively less deformed than in
the shear zone. Ice surfaces also appear patchy with a mixture
of grey tones, indicating that prior ablation had thinned the snow
layer, melting down to bare ice in places and leaving some melt
ponds. This observation, and the slightly higher inferred snow
wetness, is consistent with the fact that these more expansive
and exposed surfaces are relatively less-well shadowed from the
sun than in deformed ice areas.

The final model fit is performed using the 24 March radar
data from Cape Bonavista ice (Fig. 13(c)). Since there was no
surface-data collected in that locality, the model is used in a
predictive capacity without guidance from local surface data.
The backscatter signature is around 2-dB higher than that en-
countered for the 23 March shear-zone ice and may be ex-
plained by the fact that swell waves had recently penetrated and
broken up the pack ice. The model prediction required a Gauss-
ian autocorrelation function and geometric optics approxima-
tion before achieving the fit in Fig. 13(c). An rms slope of 5 =
0.38 rad predicted by the model implies a surface which is
equivalent to the roughest floe surface measured in the Cape St.
Francis shear zone (having values of ¢, = 0.048 m and | =
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Fig. 13. Model fits to LIMEX 87 radar signatures on March 23 and 24,
1987 with predicted snow properties and roughness values. (a) Model fit
with a Gaussian distributed damp snow surface to the shear-zone ice sig-
nature from March 23. (b) Model fit with an exponentially distributed damp
snow surface to the interior zone signature on March 23. (c) Model fit with
a Gaussian distributed damp snow surface to the shear-zone signature from
Bonavista Bay on March 24.

0.18 m [5]). This is supported by the observation of new wave
fracture and flexural or collision-induced deformation of ice
floes in this region. Temperatures fluctuated around freezing
point throughout the day, but below freezing temperatures dur-
ing the previous night accounted for aircraft observations of new
ice in leads. Other than an expected lower value of snow density
(p, = 0.35 g cm™*) due to the recent snowfall, snow parame-
ters are largely similar to those measured off Cape St. Francis
on the previous day.
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VI. SUMMARY AND CONCLUSION

A calibrated C-band scatterometer and C-band SAR have been
used to measure the scattering properties of pack ice in the
southern Labrador Sea at the onset of melt conditions. When
the distributed target form of the radar equation is inverted to
estimate the normalized scattering cross section o§ag (8) of the
ice, the results fall within one standard deviation of scatter-
ometer measurements, oga(0), for the same ice. SAR and
scatterometer data can be combined to estimate ¢°(8) for the
LIMEX ’87 pack ice over the incidence-angle range 10° < 6
< 74° to within +4 dB.

Signature data obtained on 43 and 44 March have been de-
scribed using linear regression analysis. No aspect-angle de-
pendency is found in the LIMEX 87 marginal ice dataset, and
the gradient of the o°(#) curves implies uniform rough-surface
scattering as the dominant mechanism. The ‘‘correlation coef-
ficients’” or gradients are much lower than in first-year ice re-
sults from Onstott [13], thus implying that the surface is rougher
than has been previously reported from calibrated radar mea-
surements. Measures of ¢, and [ in the Labrador Sea [ 3] indicate
that the range of surface roughness previously portrayed in pa-
pers by Kim ez al. and Onstott [13], [17] do not include well-
deformed marginal ice. Such examples of extreme, marginal ice
zone surface-roughness indicate that Gaussian autocorrelation
functions can in some instances be used to explain scattering
signatures from recently deformed rough ice (with slopes of s
> 0.45) in the Labrador Sea.

The simple model used in this paper is demonstrated to have
the ability to simulate the measured radar signatures to within
+4 dB. It combines a number of scattering processes which
influence ¢°, while retaining a minimal number of easily mea-
sured parameters. Sensitivity studies along with the fits to the
LIMEX data highlight the effects of an important interdepen-
dency between surface roughness and snow wetness in these
circumstances. Due to snow wetness, penetration is reduced and
surface scattering appears to be the predominant mechanism.
The type and degree of roughness are the factors which enable
a signature distinction between the inner and outer ice regimes
on 43 and 44 March 1987. The resulting variability in the radar
signatures is of the order of 4 dB or more between the inner and
outer zones.

From the modeling results, the slope distribution of the pack
ice and wet snow cover is a key parameter in the determination
of the scattering signature. As reported in [5], the slope distri-
bution and roughness statistics of the LIMEX ’87 pack ice are
largely determined by the floe edges, rafted blocks of ice, floe
deformation features (e.g., floe levées), and ice and snow sur-
face-roughness elements of dimension greater than \ /4. Since
the density of roughness elements in the pack is inherently
linked to the degree of wave penetration and the dynamics of
pack-ice break-up, it is not surprising that a relationship is seen
between the floe-size distribution and the signatures of the ice
as has been reported in [6].

Although the model discussed in this paper was developed
for the conditions found in the Labrador marginal ice zone, it
should be easily extended to the prediction of signatures of other
rough first-year ice (ridges and rubble fields) and of young brash
ice bands seen in the Arctic during freeze-up.

In the course of this work we have shown that a simple scat-
tering model based on surface measurement results agrees well
with microwave measurements of the sea-ice scattering cross
section. To what degree can models of this class be inverted to
infer surface conditions from electromagnetic measurements?

The difficulties encountered in making inverse model predic-
tions, using the approach described in this paper, are an obvious
restriction. These arise first as a result of the intervention nec-
essary to choose between surface autocorrelation function as-
sumptions, and secondly from requiring a reasonable knowledge
of surface conditions before being able to generate a first-order
fit to the data. The former problem could be circumvented in
certain cases (when s < 0.3) by using a surface-scattering for-
mulation which is based upon the surface-roughness spectrum
such as the small perturbation theory. In this case, the assump-
tions are slightly different from the Kirchhoff model in that the
surface may vary on horizontal scales less than a wavelength,
but for HH polarization the model is mathematically identical
in form to the scalar approximation used in this paper. The ben-
efit is that the form of the correlation coefficient is implicit in
the roughness spectrum prescribed by the model. An isotropic
roughness spectrum, for instance, may be cast in terms of both
correlation length and the standard deviation of surface rough-
ness when either a Gaussian or exponential correlation coeffi-
cient is assumed.

Finally, in the context of these results it should be added that
conditions experienced during LIMEX °87 present a relatively
simplified case for modeling. When snow wetness volume frac-
tions are large, volume scattering can be effectively disre-
garded. Under such circumstances, errors inherent in predicting
surface conditions are minimized and appear to result largely
from the statistical variability in surface roughness conditions.
Nonetheless, backscattering can be biased to a large degree in
areas of recent wave fracture; for example, by a few surface
elements which are unrepresentative of the mean ice conditions
(in terms of their characteristics). More thought needs to go into
this notion before geophysical algorithms are devised for ex-
tracting ice surface information from satellite radar data. The
results of this thinking should ultimately determine *‘which’” as
well as ‘‘how many’’ model parameters are successful in de-
scribing any given sea-ice surface before model inversion is
valuable.
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